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Atf6The unfolded protein response (UPR) is a network of signaling pathways that responds to stress in the endo-
plasmic reticulum (ER). The general output of the UPR is to upregulate genes involved in ER function, thus
restoring and/or increasing the capacity of the ER to fold and process proteins. In parallel, many organisms
have mechanisms for limiting the load on the ER by attenuating translation or degrading ER-targeted
mRNAs. Despite broad conservation of these signaling pathways across eukaryotes, interesting variations
demonstrate a variety of mechanisms for managing ER stress. How do early-diverging protozoa respond to
stress when they lack traditional transcriptional regulation? What is the role of the ER stress sensor Ire1 in
fungal species that are missing its main target? Here I describe how diverse species have optimized the
UPR to ﬁt their needs. This article is part of a Special Issue entitled: Functional and structural diversity of
endoplasmic reticulum.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Maintenance of homeostasis in the endoplasmic reticulum relies
on a collection of signaling pathways known as the unfolded protein
response (UPR). These pathways sense disturbances in protein fold-
ing in the ER through transmembrane proteins that then initiate sig-
naling pathways affecting many aspects of gene expression. Together
they decrease the load of proteins entering the ER and increase the
capacity of the ER to fold and process these proteins. In mammals,
these pathways are essential for survival not only during infection
and disease, but also during normal development, especially during
the differentiation of professional secretory cells.
Reviews over the last two years have offered perspectives on
many interesting and fundamental facets of the UPR, including its
role in ER homeostasis [1,2], apoptosis [3], disease [4,5], inﬂammation
[6], secretory cell function [7], and aging [8]. This abundance of re-
views does not seem completely unwarranted; a recent Pubmed
search yielded well over 500 research articles pertaining to the UPR
in 2012 alone. A special issue focused on the ER would therefore not
be complete without some mention of the UPR. Inspired by recent
discoveries in plants and ﬁssion yeast, and in an effort to offer a
non-redundant review of the UPR, this article will highlight similari-
ties across eukaryotes and variations on these pathways that have
evolved in organisms other than the well-studied mammalian and
budding yeast model systems.nal and structural diversity of
l rights reserved.2. An overview of UPR signaling pathways in budding yeast
and metazoa
Stress in the ER, generally considered to be the result of an imbal-
ance between the protein folding load and the capacity of the ER, oc-
curs in a variety of circumstances. Pathological ER stress can result
from infection or diseases linked to the ER, whereas physiological
stress is thought to activate the UPR during differentiation and main-
tenance of secretory cells in metazoans. A classic example of the latter
is the activation of certain aspects of the UPR during the differentia-
tion of antibody-secreting plasma cells [9,10]. Because of the central
role of the UPR in regulating the capacity of the ER and managing
stress, several of the signal transducers are required for normal devel-
opment and survival in mammals.
One of themainmechanisms governingUPR signalingwas originally
worked out in Saccharomyces cerevisiae, where a single transmembrane
protein, Ire1, is responsible for sensing ER stress [11,12] (Fig. 1A). Olig-
omerization of Ire1 leads to autophosphorylation and activation of an
endoribonuclease domain on the cytosolic side of the membrane. This
nuclease cleaves at two speciﬁc sites in the mRNA encoding Hac1
[13,14], removing a regulatory intron from the message, which is then
spliced back together to form the template for the active Hac1 protein.
Hac1p, a bZip transcription factor, upregulates many genes associated
with the secretory pathway, including the major ER chaperone BiP
[15]. This pathway thereby enhances ER function and is conserved in
most eukaryotes, with the known exceptions discussed below.
ThemetazoanUPR is decidedlymore complex that that seen in bud-
ding yeast. Mammals possess two copies of Ire1; Ire1α is expressed
ubiquitously [16] and is essential for embryonic development [17,18],
whereas Ire1β is expressed speciﬁcally in intestinal epithelial cells and
its deletion sensitizes mice to colitis [19]. Both isoforms of Ire1 can
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Fig. 1. A. An overview of the signaling mechanisms of the unfolded protein response. During ER stress, Ire1 oligomerizes, which activates its cytosolic kinase and nuclease. The out-
puts of Ire1 include cleavage of the mRNA encoding Xbp1 (Hac1 in yeast) and degradation of mRNAs. Atf6 travels to the Golgi apparatus during ER stress, where its cytosolic domain
is released by proteolysis. Perk oligomerizes and phosphorylates eIF2alpha, leading to translational attenuation in general, and translational activation of certain proteins, including
Atf4. Xbp1, Atf6, and Atf4 then coordinate a broad transcriptional response to ER stress. B. A tree diagram of the species mentioned in this review. Branches are color coded (same
colors as in A) according to whether these UPR pathways exist in these organisms. Note that for some protozoa the evidence for Perk is not clear (see text). Black indicates that there
is evidence against a functional UPR in these organisms. The tree was constructed using the online tool iTOL [99].
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ing protein (Xbp1) [20–22], but there is some degree of specialization,
as the metazoan Ire1 has been shown to regulate other functions in
addition to splicing. For example, in mammals and ﬂies, Ire1 mediates
the degradation of many other mRNAs through a pathway referred to
as regulated Ire1-dependent decay, or RIDD [23,24]. Comparisons of
Ire1α and β in mammals suggest that Ire1α is more effective in Xbp1
splicing whereas Ire1β is more promiscuous [25].
In addition to Ire1, metazoans express two other main sensors of
ER stress, Perk and Atf6 (Fig. 1A). Atf6 is a transcription factor that
travels from the ER to the Golgi during stress, where it is activated
by intramembrane proteolysis, mediated by Site-1 and Site-2 prote-
ases (S1P and S2P) [26,27]. The cytosolic domain released by this
cleavage is an active bZip transcription factor, capable of inducing
UPR target gene expression on its own and of heterodimerizing withXbp1 [28]. As with Ire1, there are two isoforms of Atf6 in mammals,
and deletion of both results in embryonic lethality in mice [28]. Perk,
the third main branch of the UPR in metazoans, is an ER transmem-
brane kinase that phosphorylates eukaryotic initiation factor 2alpha
(eIF2α) in response to ER stress [29,30]. This leads to a general trans-
lational attenuation, thought to limit the protein folding load on the
ER and conserve resources. Conversely, speciﬁc mRNAs that harbor
short open reading frames in their 5′ UTRs can be upregulated trans-
lationally by eIF2α phosphorylation. Examples of suchmRNAs include
those encoding Atf4 [31], a third bZip transcription factor that regu-
lates UPR target genes important for stress recovery, and Gadd34 [32],
which serves as a negative feedback regulator by dephosphorylating
eIF2α [33,34].
The basic features of the UPR appear to be well conserved through-
out metazoa. Most species have homologs of the three main signaling
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vertebrates, including mammals, ﬁsh and frogs, which appear to
have conserved the dual copies of both Ire1 and Atf6 [35–37], whereas
ﬂies and worms have one copy of each. The importance of these path-
ways for normal development and function also appears to be a gen-
eral theme for metazoa; Xbp1 in ﬂies is an essential gene [38,39], as
it is in mammals [40], and worms lacking Ire1 and either of the other
two main UPR branches arrest during larval development [21,41].
Overall these signaling pathways cooperate to restore and/or ex-
pand ER function, largely through upregulation of many components
of the protein folding and quality control machinery within the ER,
and to limit the burden on the ER, through attenuation of translation
and possibly through RIDD. When ER stress is not alleviated, further
signaling through these pathways also induces apoptosis [3]. The
exact outcome of UPR activation varies for different cells and in differ-
ent situations. While chemical induction of stress usually activates all
branches of the UPR, speciﬁc cell types express different levels of the
UPR sensors, which also display different intrinsic sensitivities to dif-
ferent types of ER perturbation [7]. Thus the UPR transducers impact
tissues differentially and tissue-speciﬁc knockouts display a variety of
phenotypes. For example, Ire1 and Xbp1 in mammals are critical for
plasma cell function, whereas Perk is more important for function in
the endocrine and exocrine pancreas [42,43]. The customization of
the UPR to suit the needs of a particular cell can also be seen, not sur-
prisingly, in comparisons across different species (Fig. 1B).
Despite the unmistakable parallels between UPR signaling in
S. cerevisiae and mammals, there are interesting variations on these
pathways that are now being uncovered in other organisms, including
surprising outcomes of Ire1 activation in ﬁssion yeast and UPR-like
gene expression changes in organisms that rarely regulate transcrip-
tion. Because Ire1 is the only major branch of the UPR that is present
in budding yeast, plants, and metazoans, it is sometimes referred to
as the most ancient, or most conserved, UPR signaling pathway. How-
ever, protozoans generally do not have recognizable orthologs of Ire1
and Xbp1 [44], whereas there is evidence for Perk-like control of
translation in at least some protozoans [44,45], as described below.
Thus while both Ire1 and Perk may be ancient ER signaling proteins,
they are each lost in certain lineages.
3. Protozoa
Protozoans represent some of the earliest-diverging eukaryotes,
and encompass organisms with diverse lifecycles and niches. They in-
clude many parasites that infect humans and other animals, and their
ability to respond to various forms of stress is thought to be important
for the developmental transitions that allow them to switch hosts,
move between intracellular and extracellular lifestyles, and enter dor-
mancy [46]. In addition, some of these organisms maintain high levels
of protein secretion, also thought to be critical for survival in their
hosts. The general organization and molecular mechanisms of protein
secretion are conserved between these early eukaryotes and the more
familiarmetazoa [47]. Consistently, the ER appears to be themain sen-
sor of secretory protein folding burden; stress signals emanating from
the ER membrane can lead to both upregulation of ER chaperones and
reduction in ER protein load even in these early eukaryotes.
Toxoplasma gondii is a parasite of the apicomplexa phylum; its
primary host is feline but it infects humans as well, leading to birth
defects if infection takes place during pregnancy and causing serious
complications for immunocompromised individuals. T. gondii phos-
phorylates eIF2α in response to several types of stress, including ER
stress induced by tunicamycin or the calcium ionophore A23187
[45]. This leads to a reduction in protein synthesis and also induces
expression of bradyzoite-speciﬁc genes leading to development of
these quiescent and immune-evasive cysts [45]. These parasites ex-
press an ER-membrane-associated eIF2α kinase that associates with
BiP and releases upon ER stress [45], suggesting that this mechanismof regulating translation during ER stress was adopted very early in
eukaryotic evolution, then lost in certain lineages such as plants and
yeast.
ER stress responses have also been observed in trypanosomatids,
parasites that can cycle between insect and mammalian hosts and
are the causative agents of sleeping sickness (Trypanosoma brucei),
Chagas disease (Trypanosoma cruzi), and leishmaniasis (several spe-
cies of Leishmania). Like T. gondii, trypanosomatids have a trans-
membrane kinase that phosphorylates eIF2α. At least in Leishmania
donovani, this phosphorylation occurs in response to dithiothreitol
(DTT) [44], a reducing agent and potent inducer of ER stress, and
results in a decrease in protein synthesis [48]. In T. brucei the only
identiﬁed membrane-bound eIF2α kinase is localized to the ﬂagellar
pocket rather than the ER [49]. As the ﬂagellar pocket is a critical
gate for protein secretion in these organisms, it is possible that this
kinase is involved in sensing changes in the load on the secretory
pathway, but this has yet to be examined.
Transcriptional regulation, a key aspect of the UPR in higher
eukaryotes, is not widely employed by protozoans, which appear to
lack Ire1 and Xbp1 [44]. For trypanosomatids the lack of transcrip-
tional regulation is reﬂected in the fact that mRNAs are synthesized
as long polycistronic RNAs that are then trans-spliced onto a common
5′ leader sequence. Nonetheless, ER stress in T. brucei does result in
gene expression changes similar to those seen during the UPR in
other eukaryotes, including upregulation of many genes involved in
protein secretion [50]. Although the proteins that mediate this re-
sponse are not known, upregulation of several targets is accomplished
through mRNA stabilization [50]. Interestingly, a large fraction of
RNAs down-regulated by stress in T. brucei encode proteins destined
for the ER, reminiscent of the RIDD pathway in higher eukaryotes
[50]. In a further parallel with the mammalian UPR, these organisms
respond to prolonged ER stress with programmed cell death. In
T. brucei this is induced by the spliced leader RNA silencing (SLS) path-
way [50], which reduces production of the spliced leader sequence
necessary for maintaining normal levels and functions of most mRNAs.
Although there may be some organisms among these deeply
rooted eukaryotes that do not have a recognizable UPR (including
the pathologically signiﬁcant Entamoeba histolytica [51] and Giardia
lamblia [52]), overall the ability to phosphorylate eIF2α and attenuate
protein synthesis in response to stress is a very ancient feature of eu-
karyotes. Whether this phosphorylation event leads to translational
upregulation of speciﬁc proteins during ER stress, as it does in mam-
mals, is currently not known. However, some protozoa have been
shown to use upstream open reading frames to regulate translation
[53,54], and BiP is upregulated (for example, in T. brucei [50]),
suggesting that this mechanism may be employed during ER stress.4. Plants
The original description of a functional UPR in plants occurred not
long after the discovery of the initial clues indicating the existence of
a UPR in mammalian cells [55]. Seed storage proteins are produced
during maturation of the endosperm, the tissue surrounding the de-
veloping embryo that not only provides nutrition for the embryo
but also is an important food source for humans. A large fraction of
protein in corn kernels consists of storage proteins known as zeins.
These are deﬁcient in the essential amino acid lysine, prompting ef-
forts to ﬁnd mutants with increased lysine content. Mutants such as
opaque-2 and ﬂoury-2 had decreased zein content but also starchy
endosperm. Interestingly, several of these mutants also dramatically
induced expression of BiP and other ER chaperones during seed
maturation [56–59]. The ﬂoury-2 mutant was subsequently shown
to produce a storage protein with a defect in the processing of its
ER-targeting signal sequence, causing it to be abnormally retained
in the ER [60,61].
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when it was found that Arabidopsis thaliana encodes two Ire1 proteins
with different expression patterns [62], similar to the situation in
vertebrates. As in mammals, there may be some degree of functional
diversiﬁcation between the two plant Ire1 proteins [63,64], although
there are some conﬂicting data regarding the extent of functional
overlap [63,65,66]. Ire1 proteins from A. thaliana and Oryza sativa
(rice) are localized to the ER, functional as kinases, and capable of
sensing disturbances in ER homeostasis through their luminal do-
mains [62,67,68]. However, an Xbp1-like target in plants was not
identiﬁed until 2011–2012, when it was shown that AtbZIP60 in
A. thaliana and OsBZIP50 in O. sativa are spliced in response to ER
stress [63,65,69,70].
BZIP60 was already recognized as a key transcription factor in the
plant UPR, as disruption of this gene by a transposable-DNA insertion
led to impaired upregulation of several UPR target genes [71,72].
However, it was originally thought to be activated through proteolysis
in a manner similar to Atf6. ER stress resulted in a shift of the bZIP60
protein to a smaller size, with a concomitant shift in localization
from the ER to the nucleus [71,73]. The protein also has a transmem-
brane domain, removal of which was sufﬁcient to cause upregulation
of UPR target genes [73]. Perplexingly, however, bZIP60 does not
contain the RxxL or RxL motifs normally necessary for intramembrane
S1P proteolysis and neither S1P nor S2P were required for activation
[71]. The discovery that bZIP60 is actually activated by Ire1-mediated
splicing explained these observations. The mRNA for bZIP60 has two
stem-loops that are quite similar to those found in mammalian Xbp1
[63,65]. These sites are located just upstream of the region coding for
the transmembrane domain, so that the frame shift induced by splicing
abolishes the transmembrane domain, resulting in a nuclear-localized
protein. Unlike Xbp1, both the bZip domain and the transactivation do-
main of bZIP60 are located upstream of the splice sites [74], suggesting
that this mechanism for sequestering bZIP60 at the ERmembrane is im-
portant for preventing sporadic activation in the absence of ER stress.
In addition to the Ire1-bZIP60 pathway, plants also express homo-
logs of the Atf6 branch of the UPR described in mammals. In
Arabidopsis, both bZIP28 and bZIP17 are cleaved by S1P and S2P in re-
sponse to ER stress [75–77], and mutants of bZip28 fail to fully induce
BiP, especially at early times following tunicamycin treatment [75]. A
Perk homolog has yet to be identiﬁed in plants, and neither transla-
tional attenuation nor upregulation of eIF2α phosphorylation is seen
in response to tunicamycin treatment in Arabidopsis [78]. ER stress
does induce a homolog of P58IPK, a negative regulator of Perk in mam-
malian cells [79,80], but this appears to result in an overall ER stress-
dependent decrease in eIF2α phosphorylation compared to untreated
plants [78]. It may be that the RIDD pathway compensates for the
lack of translational regulation in plants. Downregulation of mRNAs
encoding secreted proteins has been observed in response to ER stress
in Arabidopsis [81], suggesting that this aspect of Ire1 function is con-
served across kingdoms.
Both abiotic and biotic stresses appear to trigger the UPR in plants.
In Arabidopsis, Ire1-mediated splicing of bZIP60 and activation of
bZIP28 and bZIP17 occur in response to heat [63,76,82], and bZIP17
(but not bZIP28) responds to salt stress [75,83]. The Ire1/bZIP60 path-
way also is important in mounting an effective response to bacterial
pathogens in Arabidopsis [64] and Nicotiana benthamiana plants [84].
The UPR in mammals responds to endogenous forms of stress
resulting from high levels of secretion in certain cell types, and there
is evidence that the UPR plays a similar role in plant secretory cells.
For example, the processed form of bZIP60 is observed in anthers
[71], which contain the highly secretory cells producing pollen surface
proteins. Furthermore, double mutants of Ire1 in Arabidopsis have
defects in elongation of root cells, a process characterized by rapid
secretory pathway-dependent synthesis of cell wall material [66]. Mu-
tants of S2P also display impaired root growth, which can be restored
by expression of the active nuclear form of bZIP17 or 28 [76]. Lastly, asdiscussed earlier, endosperm production of seed storage proteins also
places a large burden on the ER, and endosperm mutants apparently
induce the UPR. Surprisingly, BiP induction is not seen during seed
maturation in wild-type maize [56], but the fact that seed develop-
ment in several other types of plants is accompanied by upregulation
of BiP [85–88] suggests that the UPR may indeed be important in reg-
ulating the ER capacity during production of seed storage proteins.5. Fungi
Some of the earliest descriptions of the UPR, including the dis-
covery of Ire1, were carried out in the budding yeast S. cerevisiae. In
general, fungi use similar mechanisms to manage stress in the ER: ac-
tivation of Ire1, removal of a regulatory intron in the mRNA encoding
Hac1/Xbp1, and transcriptional upregulation of target genes. How-
ever, recent studies of the UPR in ﬁlamentous fungi and the ﬁssion
yeast Schizosaccharomyces pombe have uncovered interesting varia-
tions on this theme. For example, the long Hac1 intron in S. cerevisiae,
important for preventing premature translation of the unspliced
mRNA [89], is conserved only in Saccharomyces and a few related
yeasts [90]. Many other fungi, including several species of ﬁlamentous
fungi, possess a Hac1 homologwith a short regulatory intronmore like
the Xbp1 intron inmost animals and plants, suggesting that the ances-
tral intron was short [90–93]. Surprisingly, although Candida albicans
splice Hac1 in response to stress [93], a small group of Candida-
related species has Hac1 homologs that are completely missing the
regulatory intron [90]. This suggests that there are other mechanisms
for inducing Hac1 in response to stress that have yet to be discovered.
One possibility could be regulation of the 5′UTR of Hac1: C. albicans,
Trichoderma reesei, Aspergillus nidulans, and Aspergillus niger all ex-
press Hac1 mRNAs with truncated 5′UTRs in response to stress
[91,93,94], suggesting that translational upregulation may be impor-
tant for Hac1 activation.
Interestingly, Schizosaccharomyces and several other fungal phyla
appear to lack Hac1 homologs altogether [90]. Schizosaccharomyces
pombe does possess an Ire1 gene, deletion of which leads to sensitiv-
ity to ER stress [95,96] as it does in S. cerevisiae and other fungi. How-
ever, whereas Ire1 and Hac1 in budding yeast have highly correlated
patterns of genetic interactions, the genes most similar to Ire1 in
S. pombe are not transcription factors but other sensors of protein
misfolding, namely UDP-glucose-glycoprotein glucosyltransferase and
calnexin [95].
A recent paper from Peter Walter's lab revealed a surprising role for
Ire1 in regulating the response to ER stress in S. pombe [96]. In contrast
to S. cerevisiae, ER stress in S. pombe results in minimal upregulation of
mRNAs encoding residents of the secretory pathway. However, ER
stress does induce widespread Ire1-dependent degradation of mRNAs
encoding ER-targeted proteins, in essence the RIDD pathway that is ob-
served in ﬂy andmammalian cells but not in budding yeast. The targets
of this degradation are selective and highly enriched for mRNAs
encoding proteins involved in lipid metabolism, especially sterol
metabolism. Kimmig et al. [96] also identiﬁed a new twist to this path-
way, in which Ire1 speciﬁcally cleaves BiPmRNA in its 3′UTR. This trun-
cated BiP mRNA, despite lacking a polyA tail, is highly stable and
more translationally active than its full-length precursor, leading to
upregulation of this important ER chaperone. How BiP mRNA escapes
degradation has yet to be discovered, but it will be fascinating to see
whether similar mechanisms exist in other species.
Finally, although Ire1 and Hac1 in S. cerevisiae appear to be re-
quired for growth only during ER stress, the UPR is important for var-
ious aspects of daily life for other fungi. For example, pathogenic fungi
such as Aspergillus fumigatus [97] and Cryptococcus neoformans [98]
require a functional UPR for virulence. The UPR in A. fumigatus and
C. albicans also appears to be important for cell wall maintenance
and hyphal formation [93,97].
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Here I have attempted to highlight the mechanisms and effects of
the UPR in a variety of organisms across eukarya. Overall, it appears
that the ability to respond to ER stress evolved alongwith the ER itself.
Even the simplest eukaryotes, which lack extensive transcriptional
regulation, respond with changes in gene expression mediated by
translation and/or mRNA stability. Examination of the widely con-
served Ire1 arm of the UPR suggests that Ire1's originally identiﬁed
function in mediating the splicing of Hac1 may not be its ancestral
function. The nuclease activity of Ire1 is important even in organisms
without Hac1/Xbp1, suggesting that degradation of ER-localized
mRNAs is an effective mechanism for limiting the folding burden on
the ER. As some species of Candida and two Ciona (sea squirt) genomes
contain clear Hac1/Xbp1 homologs lacking the regulatory intron [90],
it may be that this transcription factor can be activated by other
mechanisms, and at some point took advantage of Ire1's underlying
sequence preferences to optimize its own cleavage and splicing in re-
sponse to stress [96]. As more species are examined, we will undoubt-
edly learn of other interesting variations on this ancient collection of
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